Microstructural changes in porous cordierite caused by machining were characterized using microtensile testing, X-ray computed tomography, and scanning electron microscopy. Young's moduli and Poisson's ratios were determined on *215-to 380-lm-thick machined samples by combining digital image correlation and microtensile loading. The results provide evidence for an increase in microcrack density and decrease of Young's modulus due to machining of the thin samples extracted from diesel particulate filter honeycombs. This result is in contrast to the known effect of machining on the strength distribution of bulk, monolithic ceramics.
Introduction
In microcracked ceramics, such as cordierite, aluminum titanate, graphite, and b-eucryptite, the mechanical response is dominated by the microcrack geometry, the grain size, and the porosity of the material. These materials have low thermal expansion, high thermal shock resistance, and strain tolerance. Further, porosity is commonly processed into these microcracked materials for industrial applications such as thermal management, filtration, and power generation [1] [2] [3] [4] . In particular, porous cordierite is widely used as a diesel particulate filter (DPF) and gasoline catalyzer substrate material. The Young's modulus for DPF cordierite (&50 % porous) can vary between 3 and 12 GPa for static and dynamic tests, respectively, and the tensile behavior has been shown to be nonlinear [5] . The effect of porosity alone on Young's modulus and Poisson's ratio has been the subject of a number of investigations [6] [7] [8] [9] .
While an increase in porosity is known to decrease the Young's modulus, even in microcrack-free materials, there are conflicting results regarding the porosity dependence of Poisson's ratio [9, 10] . Additionally, the variation of the Young's modulus and Poisson's ratio with microcrack density has also been modeled [11] [12] [13] [14] . Although researchers have attempted to deconvolute the effect of porosity and microcracking on the Young's modulus in an indirect manner [15] , no studies exist where porosity and microcrack density were varied independently in the same material system. DPF cordierite mechanical behavior is complex due to the fact that strain concentrations result from the interaction between voids and microcracks [5, [16] [17] [18] . In particular, the integrity factor model has proven to be inaccurate for porous cordierite [19] but did successfully explain the evolution of high temperature Young's modulus of beucryptite [20, 21] . In addition, DPF cordierite has a particularly low fracture toughness of *0.1-0. 4 MPa ffiffiffiffi m p [15, 22, 23] which is in the range of the fracture toughness of eggshells [24] .
The sample preparation of DPF honeycombs is particularly delicate, but unavoidable for uniaxial tests, double torsion, dilatation, etc. While a few studies report the critical preparation steps to follow for the tests to be valid [17, 25] , no systematic study has been published on the influence of machining on test results. Here, we characterize the microstructure and tensile response of DPF samples machined to different thicknesses and demonstrate that the elastic constants are sensitive to machining. Sample preparation is critical to understanding the material's behavior, and DPF honeycombs have tight geometric constraints, high material compliance, and low fracture toughness. These factors make sample preparation difficult. We present a method that incorporates the influence of porosity and microcracking on the Young's modulus and Poisson's ratio of DPF cordierite machined to different thicknesses.
Materials and methods

Samples
This study uses Cordierite DPF (Duratrap CO Ò ) honeycombs that are widely used for diesel emission control. These honeycombs are extruded to produce square channels running along the length of the cylinder with wall thicknesses \450 lm (see Fig. 1a ). Pore formers are added to the starting batch materials, and these sacrificial materials later volatilize upon firing, leaving a high volume fraction of pores within the thin honeycomb walls. Microcracks form due to the large lattice thermal expansion anisotropy inherent in cordierite [26] .
It is necessary to machine the DPF honeycomb into microtensile samples. We follow the procedure laid out in previous studies [5, 17, 22, 25] . We used a diamond cutoff blade to remove a plate with dimensions of 45.30 9 24.50 mm and one cell thickness from the honeycomb DPF structure. The plate was mounted on a precision vise before finishing one side to a planar surface with a diamond grinding wheel (150 grit, 4000 rpm, and 25 lm down feed). This first machined surface was then mounted on an air chuck (with 0.1 MPa pressure), and the remaining vertical walls were machined off in 5 lm passes with the same diamond grinding wheel until the desired thickness (t *185, 216, 250, 300, and 380 lm) was achieved. These samples were then cut using a diamond cutoff blade into rectangular geometries of nominally 15 9 3 mm 9 t lm for uniaxial tension tests. Mechanical testing was performed on 216-, 250-, and 300-lm-thick samples (four each) and on 380 lm-thick samples (two). Replicate porosity measurements were made on the 185-, 216-, 250-, 300-, and 380-lm-thick samples (two, four, five, five, and three samples, respectively).
Characterization
After machining, the bulk density, q bulk , was calculated from the parallelepiped sample mass divided by its nominal envelope volume (L 9 w 9 t, the sample dimensions of length, width, and thickness, respectively); the total porosity, P, was then determined as follows:
where the skeletal density, q skeletal , is defined by the material mass divided by the volume of material, excluding any pores and voids [27] . The skeletal density was measured by helium pycnometry to be 2.46 g/cm 3 .
A Hitachi S4800 scanning electron microscope (SEM) was used to image the microstructure of the machined cordierite samples at an accelerating voltage of 10 kV and working distance of 10 mm. The samples were coated with a 1-to 2-nm layer of carbon to prevent charging, and the images were taken using a backscattered electron detector.
A General Electric v|tome|x microCT (computed tomography) instrument imaged the samples to determine porosity variations within the walls. The apparatus was equipped with two X-ray sources, of maximum voltage 180 and 300 kV, a rotary table, and a 2000 9 2000 pixel detector. The 180 kV X-ray tube with a tungsten transmission target was used due to its small focus point and *1-2 lm image resolution. Bremsstraahlung radiation produced at a voltage of 60 kV and a current of 150 lA irradiated the samples. The actual X-ray resolution was verified with a resolution chart known as JIMA RT RC-02 [28] . One thousand five hundred exposures were acquired, each lasting 8 s. The voxel size was kept constant at &4 9 4 9 4 lm 3 , and the measurement resolution was \2 lm. Reconstruction was performed using CTViewer, a software developed at Bundesanstalt Materialforschung und-prü fung (BAM), employing standard Feldkamp-Davis-Kress algorithm [29] .
The uniaxial tension experiments were performed with a microtensile instrument coupled with digital image correlation (DIC) strain measurement, as described previously [5] . A capability to use a reduced gage section was not utilized to minimize risk of prematurely broken samples. The samples were mounted to grips using Crystal Bond thermal forming adhesive. 1 The adhesive seeped into pores and cracks increasing the strength of the bonded section, creating a secure, strong joint. This bonding procedure induced a (pre-)stress in the sample; after an initial loading to &50 % of the failure strength, the sample was unloaded to &0 MPa before reloading to failure. The uniaxial tests were performed at a constant cross-head speed of 1 lm/s.
Results and discussion
Microstructure
We characterized the cordierite microstructure in the as-machined condition. Figure 1 shows the microstructure in the extrusion plane as the thickness is decreased from (b) as-extruded to (c) 250 lm to (d) 187 lm. Cross sections perpendicular to the extrusion direction are shown in Fig. 2 . The machined samples showed a lighter gray material within the pores that we interpret as debris caused by the thinning/machining process (note that black corresponds to void/pores, and white to solid matter). We defined this debris in terms of its threshold gray level (GL) in the images (see Appendix 1) . The debris appears less dense because it contains air between particles. This contrast difference allows us to differentiate the 3D reconstructed contiguous material from debris shown in Fig. 2 . We only found evidence of debris on the last machined face of the machined samples with a fairly constant volume fraction ranging from 2 to 6 % by volume (see Appendix 2) . Although the sample edges show damage, the internal pore structure appears unaltered.
The SEM micrograph in Fig. 3a shows a representative machined surface with a network of pores in the DPF cordierite. A representative microcrack is shown in the inset. In Fig. 3b , pores containing machining debris are observed in a select/nonrepresentative region of the machined surface. The debris has air in between particles, as previously discussed; this allows us to filter out the 'low-density' voxels in the X-ray CT reconstructions (Figs. 1, 2). Determining an absolute porosity of contiguous material is difficult because some pores are smaller than the X-ray CT resolution limit (see Appendix 1) . The porosity measurement is further complicated by pores filled with debris. We measure the effect of debris (in Appendix 2) and find its influence on He pycnometry porosity measurement is negligible.
Young's modulus and Poisson's ratio
The mechanical behavior of the thin DPF samples is directly impacted by machining. In representative stress-strain curves shown in Fig. 4 , the Young's modulus and failure stress decrease with sample thickness in the 14 samples tested. Also, the curves become more nonlinear with decreasing sample thickness. As indicated above, strain was measured using DIC which provided full-field displacement of sample surfaces [5, 30, 31] . The DIC error is influenced by noise during acquisition and digitization, image contrast, and algorithm details [32] . We calculated an average strain across the entire gage surface to reduce the noise due to optics, vibrations, and microscale strain concentrations. We use an algorithm employed with similar materials and conditions [5, 31] .
The initial slopes were used to determine Young's modulus [5, 33] . Correspondingly, transverse strains were extracted from the DIC data to determine the Poisson's ratio. The average Young's modulus and Poisson's ratio are plotted versus sample thickness in Fig. 5 . We account for material nonlinearity by defining the initial slope as being the linear elastic region where stress has the highest correlation with strain using the coefficient of determination [33] . The Figure 3 SEM micrographs of the machined surfaces of DPF cordierite. a pore structure without any debris. Inset magnified to show a representative microcrack highlighted by white arrow and b pores filled with debris generated from the machining process. linear elastic region was determined to be [0.03 % strain. Unlike bulk ceramics, machining these thin porous samples from a thickness of 380 to 215 lm resulted in a decrease in Young's modulus by 25 % and Poisson's ratio by 24 %, as seen in Fig. 5 . The standard deviation is large in Fig. 5 for two reasons: noise in the DIC data and the small sample dimensions, i.e., length, width, and thickness. Small sample dimensions lead to larger statistical variations in microstructure between samples [34, 35] . Here, we focus the analysis on the average properties in our discussion.
Effect of microstructure on the young's modulus and Poisson's ratio of machined cordierite samples
Two main microstructural features affect the Young's modulus and Poisson's ratio of DPF cordierite: porosity and microcracks [5, 15, [21] [22] [23] 36] . The X-ray CT results (see Fig. 6 ) show porosity initially increasing at the samples' surfaces and thereafter remaining fairly constant with further machining. However, as the thickness decreases (and the amount of removed material by machining becomes greater), the total porosity increases as the surface fraction becomes greater, while the interior porosity remains constant. As microcracks are more difficult to observe and measure, micromechanical models have been used to estimate the microcrack density [12, 13, 37] . As porosity and microcrack density both reduce Young's modulus, it is necessary to deconvolute the effects of these two microstructural parameters on the elastic properties. We discuss porosity alone first. As porosity could vary through the thickness of the sample, we analyzed the average porosity of areas 1 mm 2 (surfaces parallel to the wall plane) through the thickness of the samples (see Fig. 6 ). The as-extruded samples show lower porosities near the outer edges (see Fig. 6 at 10 and 440 lm). During extrusion, the flow profile of the cordierite would cause porosity to vary throughout the thickness, but a full analysis is outside the scope of the current study. Machining removes this layer from the tested samples. For the machined samples, damage layers emerge, evidenced by the rounded edge profiles. Comparing the rounded features for the four machined samples, an average thickness of this higher porosity damage layer is *25 lm. Nominally in all samples, a flat porosity profile was observed through the interiors. The He Pycnometry and X-ray CT average porosities for the sample interior are in agreement (see Appendix 1). The measured porosity is 52 ± 5 % for a threshold of gray level (GL) = 100 (see Appendix 1) and is invariant with machining depth based on X-ray CT results, but increases based on the He pycnometry porosity measurements. The He pycnometry results were used to predict changes in elastic properties because the porosity is averaged over a volume 309 greater than X-ray CT and therefore more representative of the samples. The average total porosity can then be estimated by the depth of machining damage, t damage = 25 lm (see Fig. 6 ), the average porosity of damaged region, P damage , and the average porosity of the bulk material, P bulk . The total porosity, P, can be described by a weighted average:
where V bulk = (L)(w-2t damage )(t-2t damage ), V total is the envelope volume of the sample (L*w*t), and the damaged volume is V damage = V total -V bulk . The damage layer is mainly confined to the samples' top, bottom, and side surfaces that were machined to fabricate the samples. Figure 7 shows the measured bulk porosity data and the best-fit line for Eq. 2 wherein P damage = 75 % and P bulk = 45 %. The average sample porosities can then be determined as a function of sample thickness based on the best-fit curve in Fig. 7 . As a check, two other samples were machined and the porosity measured incrementally after each 25-lm-thickness decrease (see Fig. 7 ). These incremental machining sample data were not included in the curve-fit, thus supporting the form of Eq. 2. Common approaches to model the impact of porosity upon Young's modulus include the ''selfconsistent'' scheme [11, 38, 39] , the Mori-Tanaka method [40] , and the ''differential'' scheme [37, 41, 42] . These schemes are discussed in depth elsewhere [18] . The general form of this differential scheme which expresses Young's modulus (but not Poisson's ratio) in terms of porosity and microcrack density is as follows:
i =V rep is the microcrack density; l i is the radius of individual penny-shaped cracks; V rep is the representative volume; E is the Young's modulus of the microcracked and porous ceramic, E P=q=0 = 142.2 GPa is the Young's modulus of the microcrackfree [15, 43] , zero porosity material; m = 2.7; and C 2 = 1.71 [37, 44] . The microcrack density, q, is a nondimensional quantity that describes the size and quantity of cracks in a representative volume of microstructure [11] [12] [13] [14] . The two constants, m and C 2 , are derived from computed tomography analysis [45] and a micromechanics formulation [37] , respectively. Initially, we consider a differential scheme which expresses both Young's modulus and Poisson's ratio in terms of porosity with a zero microcrack density [46] . Equation 3 rewritten only accounting for porosity (i.e., with zero microcrack density), is stated as
where E P and m P are the Young's modulus and Poisson's ratio with porosity, respectively; E P¼0 and m P=0 =0.31 are the Young's modulus and Poisson's ratio without porosity, respectively; P is the total porosity (from Eqs. 1-2); and m = 2.7 for DPF cordierite [15, 37, 45, 46] . Although Eq. 5 was derived for spherical pores, which yielded m = 2 for Eq. 4, the differences in this shape factor have a small effect on the relationship between Young's modulus and Poisson's ratio. While Eqs. 4 and 5 predict Young's modulus and Poisson's ratio to decrease by 6.5 and 0.7 %, respectively, our samples displayed decreases of 25 and 24 %, respectively. This coupled with the fairly small change in porosity with thickness (see Fig. 7 ) rules out porosity as the main microstructural feature dominating elastic behavior. We next consider microcracking, which is influenced by compositional, processing and machining effects. The initial thermally induced microcracks [26, 47, 48] are the result of processing parameters and cordierite composition. In particular, the domain size and anisotropic lattice thermal expansion determine the microcrack density in the as-received state [18, 48] . The microcrack density, q, is calculated by rearranging Eq. 3 as such:
and is shown versus the sample thickness in Fig. 8 . We calculate a 35 % increase in microcrack density for a decrease in sample thickness of 44 %. Samples machined to 180 lm were too fragile to test, suggesting microcrack density continued to increase for the smallest thickness samples. Microcrack density in compression experiments of cordierite reported elsewhere [17] is shown for comparison in Fig. 8 . Although Eq. 6 provides a means to calculate the microcrack density, the evidence for changing microcrack density is better demonstrated by considering micromechanical models that relate Young's modulus and Poisson's ratio. Finally, we consider a self-consistent scheme to explain trends in both Young's modulus and Poisson's ratio with varying microcrack density [12] , wherein the porosity is invariant, but nonzero. Both porosity and microcracking change during machining, but the relative importance of those two parameters cannot be determined based upon the differential scheme. Therefore, plotting two independent elastic constants (e.g., Young's modulus and Poisson's ratio) is an effective method to show the influence of microcracking, requiring a self-consistent scheme [12, 49] , again wherein the porosity is invariant. Note that we do not use the microcrack density shown in Fig. 8 going forward. Two common micromechanical models employ a self-consistent method and define the relationship between these elastic constants as follows:
and
where E q=0 and m q=0 are the Young's modulus and Poisson's ratio in the absence of microcracks, respectively, and E q and m q are the Young's modulus and Poisson's ratio with microcracks (and nonzero but invariant porosity), respectively. Equations 7 and 8 represent the Salganik [13] and Budiansky O'Connell [11] micromechanics models, respectively. Using Eq. 3, E q=0 = E P=q=0 (1-P) 2.7 , Poisson's ratio is considered constant [18] for the small variations in porosity m q=0 = m P=0 = m P=q=0 = 0.31. Using Eqs. 7 and 8, we calculate the relation between E q=0 and m P=q=0 of the porous and microcracked material. In Fig. 9 , the monotonic change in the Young's modulus and Poisson's ratio follows the trends derived from microcrack density models in Eqs. 7 and 8 (see Fig. 9 ) but does not follow the relationship between Young's modulus and Poisson's ratio for a differential scheme of spherical pores based upon Eqs. 4 and 5, with m = 2 as the porosity varies only slightly due to machining. Despite large error bars in our experimental data, the micromechanical model based upon porosity alone does not predict the relationship between Young's modulus and Poisson's ratio for machined DPF cordierite. Figure 8 The calculated microcrack density (Eq. 6) plotted versus the machined sample thickness. For comparison, the previous work in compression of honeycomb structures from Bruno et al. [17] is shown as a circle and the error bar represents the standard deviation in microcrack densities for multiple loading cycles.
The Young's modulus and Poisson's ratio are two independent constants which describe linear elastic deformation. As the microstructure of a material is altered, these two constants are affected in different ways. It is informative to discuss the relative elastic constants, as plotted in Fig. 9 ,
, and m ¼ m=m P¼q¼0 . If a material's porosity is varying and microcrack density remains constant, m would decrease by \10 % for a decrease in E P of *50 %, considering spherical pores. In the case of microcrack variations, a *10 % decrease in E q results in *10 % decrease in m. In Fig. 9 , the experimental results follow the trend of the microcracking models indicating that the dominant microstructural changes due to machining result from an increase in microcrack density.
Finally, although a machining parameter analysis was outside the scope of the present manuscript, our study indicates that caution must be exercised while machining of the DPF cordierite samples. At the very least, the machining tools must be well-calibrated and balanced in a reproducible manner before preparing porous cordierite or other porous microcracked ceramic samples with a high ratio of surface area to volume. A recent trend in DPF design is to decrease wall thickness for reduced back pressure [3, 15] . Machining the thinner DPF substrates for characterization can further change the linear elastic behavior. Prior studies [5, 15, 17, 22, 23, 25] were in a thickness regime *300 lm wherein microcrack density changes due to machining were small.
The key results are schematically represented in Fig. 10 ; the grinding process damages the surface of the DPF cordierite and deposits debris (represented by gray triangles) into some pores (represented by black circles), while the microcracks (represented by lines) either grow in a subcritical manner due to vibrations, pressure, etc. or increase in number. We [11, 12, 13] . The error bars represent the standard deviations. Plotted for comparison is the porosity model given in Eqs. 4 and 5 for spherical pores where the normalized modulus is E P =E P¼0 rather than the microcracking normalized modulus, E q =E q¼0 . observed decreasing Young's modulus and Poisson's ratio values with decreasing sample thickness values. Machined samples' microstructures were probed with X-ray microCT and SEM to reveal redistribution of machined surfaces as debris in pores on the final machined surface due to the vacuum fixture. Changes of porosity and its depth profile within a machined DPF wall were observed, represented by the tortuous machined surface in the schematic. We have represented the crack density changes due to machining as increased length of cracks after grinding in the schematic.
Conclusions
Machining of bulk, monolithic ceramics is well known to cause changes in the observed mechanical behavior (e.g., strength distribution due to changes in the strength limiting flaw distribution). In contrast, machining in these porous, microcracked ceramics decreases the elastic moduli (Young's modulus and Poisson's ratio). Understanding device behavior often requires some level of machining. The thin walls and thermal microcracks of these honeycomb structures, however, create a microstructure that is very sensitive to machining. Our analysis suggests that the dominant cause for the decrease in the Young's modulus and Poisson's ratio due to machining is the increase in microcrack density.
A ''stack'' of cross sections parallel to those shown in Fig. 1b-d , covering the whole wall thickness (of each sample), was analyzed by counting the frequency of appearance of each gray level (GL, see Fig. 11 ). The images were rotated to have parallel surfaces, i.e., they were rotated to the same (ideal) plane to avoid the effect of a skew cut through the 3D-reconstructed sample during the image analysis. The measured GL corresponds to the average density of material in each pixel location-or voxel for the 3D measurements. The CT scan results were normalized to the total number of voxels in the scanning area and offset in Fig. 11 for clarity. A large peak around GL *180 corresponds to dense cordierite, and a slight broad hump centered around GL *70 corresponds to the debris within the machined samples. The as-extruded sample does not display any hump between GL 40-120, but it does possess the most intense peak corresponding to the contiguous, dense ceramic material. As the thickness of the machined samples decreased, the position of the large peak shifted to higher gray levels (less porous/more packing) with the maximum intensity at a thickness of 300 lm. The large full width at half maximum (FWHM) of the frequency distribution for the gray levels is due to the fact that small pores, below the pixel size (4.335 lm) will not appear black, but gray, to a degree proportional to the size of the void in the pixel. Thus, the tomographic reconstructions contain information about objects with subpixel size but can directly image only objects with size above a couple of pixels (*10-15 lm). Figure 12 shows the impact of increasing the gray level threshold on the calculated porosity, as a function of depth in the wall for the 250-lm-thick machined sample. The outer edges are approximately 25-± 5-lm thick, containing higher porosity given the inherent roughness due to microstructure, machining damage, etc., and increase somewhat with decreasing GL threshold. The first surface was machined flat and was then mounted to the vacuum chuck. In Fig. 12 , this first surface is at *0-lm thickness (right) and was not machined further. The repeatedly machined surface is the one at *250-lm thickness (left). As machining proceeded, some of the debris was sucked and/or trapped into the workpiece (see Fig. 3b ). In Fig. 12 , the curve for the GL = 40 shows that much of the debris signal is retained/residing in the range of linear distance of 175-200 lm nearest the machined surface and correspondingly showing that the sample is less porous (denser) near that surface. The porosity becomes more uniform with depth as the debris is excluded by increasing the GL threshold selection. In Fig. 12 , a GL threshold of 100 produces a reasonably flat profile within the interior of the sample without cutting too much contiguous material and creating an artificially high porosity. A threshold GL of 100 was applied for further analysis (see Fig. 6 ).
Appendix 2: Calculation of the debris volume fraction
From the gray level distribution (see Fig. 11 ), we can (arbitrarily) think that, the gray levels corresponding to debris gray levels are nominally concentrated between GL = 40 and GL = 100. If we calculate the porosity profiles similar to those in Fig. 6 for these two GLs, and we subtract the total amount of matter (M = 1-P, where P = total porosity) detected for these two GLs, the total debris fraction is obtained (see schematic in Fig. 13 ). The difference of the total amount of matter detected with different thresholding is DM = M 1 -M 2 (see shaded area in Fig. 13 ). However, this matter, M, contains contribution from the debris, D, and from the cordierite skeleton, C. This implies that M = D ? C. The contribution of cordierite skeleton can be obtained by applying the same procedure to the as-extruded samples, reasonably assumed not to contain any debris (see Fig. 1b  and 2a,b) . In this case, DD = DM-DC (whereby DC = DM for the as-extruded sample). In Fig. 14 fraction of debris is nearly constant as a function of machined sample thickness.
